Background--Recent studies demonstrated a strong association between atrial fibrillation (AF) and epicardial fat around the left atrium (LA). We sought to assess whether epicardial fat volume around the LA is associated with AF, and to determine the additive value of LA-epicardial fat measurements to LA structural remodeling for identifying patients with AF using 3-dimensional multi-echo Dixon fat-water separated cardiovascular magnetic resonance.
A trial fibrillation (AF) is the most common sustained cardiac arrhythmia and has a significant impact on heart failure progression and an increased risk of thromboembolism, resulting in increased mortality and morbidity. [1] [2] [3] Although left atrial (LA) enlargement is the major player involved in the development of AF, [4] [5] [6] [7] [8] epicardial fat is also highly associated with AF. [9] [10] [11] [12] [13] Epicardial fat serves as a local energy supply and an endocrine organ that produces a number of adipokines that can freely diffuse into the adjacent myocardium, and may be associated with myocardial inflammation [14] [15] [16] and LA fibrosis of subepicardial fat infiltration. 16 Given that epicardial fat extends into the adjacent myocardium, 14, 16 there is an increasing interest in the identification of epicardial fat around the LA. 11, 12 Cardiovascular magnetic resonance (CMR) allows noninvasive quantification of fat volume in the heart. 17, 18 Fat-water separation sequences such as Dixon provide volumetric quantification of fat. [19] [20] [21] [22] [23] Tereshchenko et al demonstrated that interatrial septum fat, measured in the interatrial septum using a fat-water separated sequence, was associated with AF risk. 24 LA-epicardial fat shows a quite nonuniform spatial distribution. 25 , 26 Batal et al demonstrated there is a substantial difference in the anatomical distribution of peri-atrial fat thickness. 11 A computed tomography (CT) study by Tsao et al found that most LA-epicardial fat was located in the region surrounded by the superior vena cava, right pulmonary artery, and right-sided roof of the LA. 27 Therefore, accurate assessment of LA-epicardial fat volume requires a volumetric assessment using 3-dimensional (3D) imaging. Three-dimensional fat-water separation sequences enable quantification of fat around the LA. In this study, we aim to utilize the 3D Dixon sequence to (1) quantify LA-epicardial fat volume in patients with AF, (2) assess the impact of LA-epicardial fat on LA structural remodeling in patients with and without AF, and (3) to assess the incremental value of LA-epicardial fat measurement as a noninvasive anatomical marker of AF burden to LA enlargement in this population.
Methods
The data, analytical methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure.
Study Population
We prospectively studied 53 consecutive patients with a history of AF scheduled for pulmonary vein (PV) isolation and 52 agematched patients with no history of AF who underwent CMR for evaluation of suspected cardiovascular diseases and had LA enlargement (LA axial dimension >3.8 cm, LA 4-chamber length >5.2 cm or LA 2-chamber length >5.2 cm). Paroxysmal AF was defined as recurrent AF that terminates spontaneously within 7 days. Persistent AF was defined as AF that is sustained beyond 7 days or that lasts <7 days but necessitates pharmacological or electrical cardioversion. Long-standing persistent AF was defined as AF of >1 year in duration in which cardioversion has either failed or not been attempted. Exclusion criteria included general contraindications for CMR (eg, pacemaker, claustrophobia, and AF with rapid ventricular response). The study protocol was approved by our institutional review board, and written informed consent forms were obtained from all subjects.
CMR Protocol
All CMR images were acquired with a 1. 
Image Analysis
CMR images were analyzed by a blinded investigator using a commercial workstation (Extend MR WorkSpace, version 2.3.6.3; Philips Healthcare). At end-diastole and end-systole, epi-and endocardial LV borders were manually traced in contiguous short-axis cine images covering the apex to mitral valve plane to calculate end-diastolic volume and end-systolic volume, stroke volume, and ejection fraction. LV mass was calculated as the sum of the myocardial volume multiplied by the specific gravity (1.05 g/mL) of the myocardial tissue. Multiplanar reconstructions of the PV were generated and the PV cross-sectional area was measured. For LA analysis, all parameters were measured at the LV diastole of the frame immediately before the mitral leaflet opening. LA volume was measured from the area-length method using atrial length (from the back wall to the line across the hinge points of the
Clinical Perspective
What Is New?
• Cardiovascular magnetic resonance 3-dimensional Dixonbased left atrium (LA)-epicardial fat volume is significantly increased in atrial fibrillation patients.
• The integration of LA-epicardial fat and LA volume provides greater discriminatory performance for identifying atrial fibrillation patients than LA volume alone.
What Are the Clinical Implications?
• Three-dimensional multi-echo Dixon fat-water separated sequence provides accurate quantification of LA-epicardial fat volume, while cine CMR does not allow for reliable separation of fat and water. Computed tomography has limitations because of its radiation exposure and need for an iodinated contrast agent.
• Further studies are necessary to examine the utility of 3-dimensional Dixon-derived LA-epicardial fat for predicting the development of atrial fibrillation.
mitral valve) and border excluding atrial appendage and PVs in the 2-and 4-chamber views with the following formula: LA volume=(4-chamber area)9(2-chamber area)90.85/shorter atrial length. Epicardial fat was visually defined as regions of high signal intensity between the myocardium and the pericardium. Based on the cine CMR images, we defined LAepicardial fat subtending the LA from the mitral annulus to the bifurcation of the pulmonary artery. Areas of fat were manually traced on consecutive transaxial images and multiplied by the slice thickness to calculate LA-epicardial fat volume with a commercial workstation (OsiriX environment; Pixmeo, Geneva, Switzerland) ( Figure 1 ). To evaluate inter-and intraobserver reproducibility, measurements of LAepicardial fat volume from a random sample of 10 AF patients were independently assessed by 2 observers (S.N., with 8 years of experience and M.N., with 6 years of experience), and 1 observer (S.N.) measured LA-epicardial fat volume twice on 2 separate days with a washout period of at least 2 weeks. On LGE images, the presence or absence of LGE in the LV was visually assessed.
Statistical Analysis
Continuous variables are expressed as meanAE SD and compared using an unpaired Student t test or Mann-Whitney nonparametric test if not normally distributed. Categorical variables were expressed as counts and percentages, and compared using a v 2 test. One-way ANOVA with Bonferroni adjustment for multiple comparisons was applied after the overall 3 group comparisons. Skewed distributions were logarithmically transformed before regression analysis, and a regression analysis was performed to investigate possible associations of LA-epicardial fat and LA size. 
Results
The patient clinical characteristics are summarized in Table 1 . The mean age of the total population was 54 years; 64% of patients were male. The mean body mass index and body surface area (BSA) were 27.8AE5.5 and 1.98AE0.26, respectively. However, the age of patients with and without AF was similar (P=NS). AF patients were more likely to have higher BSA (P=0.008) and hypertension (P=0.03). A trend toward greater use of statins and b-blockers in AF patients was also observed (P=0.06 and 0.14, respectively). Table 2 summarizes CMR findings between the 2 groups. Patients with AF had significantly greater LA volumes as well as LA 2 chamber and 4 chamber areas (P<0.05). LA-epicardial fat was significantly higher in patients with AF compared with patients without AF (P<0.001). In 52 patients without AF, the mean BSA-adjusted LA-epicardial fat was 7.3AE3.5 mL/m 2 , which was significantly lower than that in AF patients (P<0.001) (Figure 2 ).
In the subgroup of AF patients, there was a trend toward long-standing persistent AF being associated with higher BSAadjusted LA-epicardial fat (19.2AE7.3, 13.2AE5.6, and 13.5AE5.3 mL/m 2 for long-standing persistent, persistent, and paroxysmal AF, respectively; P=0.16 and 0.20, respectively). LA-epicardial fat was not associated with the total PV cross-sectional area. The intraclass correlation coefficients for interobserver and intraobserver measurements of LA-epicardial fat volume were 0.87 (95% CI, 0.56%-0.97%) and 0.95 (95% CI, 0.81%-0.99%), respectively. Higher prevalence of LV LGE in patients without AF was statistically significant (P=0.001). Values are meanAESD or n (%). ACEI indicates angiotensin-converting enzyme inhibitor; AF, atrial fibrillation; ARB, angiotensin receptor blockers; BMI, body mass index; BSA, body surface area; CKD, chronic kidney disease; NYHA, New York Heart Association. Figure 3 shows the regression analysis of LA-epicardial fat plotted against the LA volume in the patient subgroup with and without AF. In both groups, the LA-epicardial fat correlates with the LA volume (AF group, r=0.48, P<0.001 and non-AF group, r=0.39, P=0.004). However, the line for the AF group lies significantly above the line for the non-AF group (P<0.001), indicating that patients with AF have significantly higher LA-epicardial fat for an equivalent LA volume. Even after adjusting for BSA, the difference in the regression analysis between the line for the AF group and the line for the non-AF group remained statistically significant (P<0.001).
Combined Assessment of LA-Epicardial Fat, LA Volume, and Clinical Parameters for Detecting AF Univariable and multivariable logistic regression analyses of clinical and CMR parameters for AF are summarized in Table 3 . Although BSA, hypertension, absence of LV LGE, increased LA volume, and LA-epicardial fat were each univariately associated with AF, increased LA-epicardial fat and hypertension were independently associated with AF (odds ratio, 1.17; 95% CI, 1.10%-1.25%, P<0.001, and odds ratio, 3.29; 95% CI, 1.17%-9.27%, P=0.024, respectively). In a multivariable analysis adjusting for BSA, LA-epicardial fat remained significant and each mL increase was associated with a 42% increase in the odds of AF presence (odds ratio, 1.42; 95% CI, 1.23%-1.62%, P<0.001). Although increased LA volume was an important predictor of AF, LA volume was no longer significant in multivariable analysis. LA volume assessment of cine CMR had a sensitivity of 74%, a specificity of 63%, a negative predictive value of 76%, and a positive predictive value of 59% with an area under the receiver operating characteristic (area under the curve) of 0.74 (95% CI, 0.65%-0.82%) for AF ( Figure 4A ). Given the cut-off LA-epicardial fat value of 18 mL that was determined by receiver operating characteristic curve analysis in presenting AF, integration of LA-epicardial fat and LA volume assessment provided better discriminatory performance with a sensitivity of 81% and a specificity of 85% with an area 
Discussion
In the prospective study of LA-epicardial fat using the 3D Dixon method, we demonstrate that (1) LA-epicardial fat is significantly increased in patients with AF compared with those with other cardiovascular diseases; (2) LA-epicardial fat correlated with LA volume, but the regression analysis of LAepicardial fat plotted against the LA volume revealed a significant difference between the line for the AF group and the line for non-AF; and (3) multiparametric CMR combining cine CMR-derived LA volume and LA-epicardial fat measured by 3D Dixon provided a greater area under the curve to detect AF. These results suggest that the effect of LA-epicardial fat on LA structural remodeling may outweigh other pathogenic effects in AF patients. Homsi et al used a 3D Dixon method in a fat-muscle phantom study and showed an excellent correlation between cardiac fat volumes measured using 3D Dixon and true fat volumes. 20 In addition, Dixon image quality has been proven sufficient for detecting pericardial outlines, indicating its capability to accurately quantify epicardial fat. In a study by Wong et al, cine CMR-derived pericardial fat and LA volume were assessed. 29 However, this method does not allow for a reliable separation of fat and water, and the pericardial fluid also registers a high signal. The high spatial resolution of CT permits accurate measurements of epicardial fat volume; however, CT has limitations because of its radiation exposure and need for an iodinated contrast agent. Pericardial fat has been shown to be associated with LA size. 13, 29 It is increasingly appreciated that epicardial fat is a metabolically active tissue, a rich source of adipokines, and LA-epicardial fat may be more pathogenically relevant to AF occurrence. We observed that LA-epicardial fat volume was associated with LA volume. This is supported by the CT results of Batal et al that posterior LA-epicardial fat pad thickness was related to the LA area. 11 However, in their study, epicardial fat and LA size were not volumetrically quantified. The present study overcomes these limitations and provides a robust measurement of LA structural remodeling as well as volumetric epicardial fat quantification. Furthermore, we found a substantial difference in the regression analysis of LA-epicardial fat in relation to LA volume between patients with and without AF. Our results support the theory that LAepicardial fat may be pathogenic and an important therapeutic target for reducing AF burden. In the current study, there was a trend toward higher prevalence of dyslipidemia in AF patients. However, dyslipidemia was not significant, although it was included as a potential confounder for multivariable modeling. In addition, there were no significant differences in LA-epicardial fat and BSA-adjusted LA-epicardial fat between patients with and without dyslipidemia.
Investigators have attempted to provide better risk stratification to predict the incident and recurrent AF. Marrouche et al assessed LA tissue fibrosis on LGE images and demonstrated that LGE atrial fibrosis predicted AF recurrence in a multicenter setting. 30 We have also previously reported the association between LA LGE fibrosis and AF recurrence. 31 However, LA LGE imaging remains technically challenging because of the thin-walled LA and the confounding blood pool signal. Studies suggest that the secretome in peri-atrial epicardial fat can induce atrial fibrosis and precede development of AF; therefore, assessment of peri-atrial epicardial fat in a population that is at risk of AF is of great interest. Our results demonstrate that combined assessment of cine and noncontrast 3D Dixon provides better risk stratification to identify AF patients beyond both the clinical model and LA volume alone. This is supported by a CT study by van Rosendael et al, who reported that posterior LA fat measurement was useful for identifying AF patients. 32 Thus, the integration of LA-epicardial fat measurement may identify high-risk populations of AF-prone patients. 27 Our study has several limitations. It is a single-center and observational study with a relatively small sample size. The results in the current study depend heavily on the selected non-AF group, but the difference between the LA-epicardial fat levels is very large compared with random samples, with the means separated by about 1 individual SD. We applied the T2 preparation for 3D multi-echo Dixon to obtain better image quality. However, the relaxation effects because of T2 preparation might have an influence on the fat volume results. More patients in the group with AF used statins, which may be regarded as a confounder. 33 However, even with statins, these patients had higher LA-epicardial fat compared with patients without AF.
In conclusion, LA-epicardial fat is significantly increased for an equivalent LA volume in patients with AF. The integration of LA-epicardial fat to LA volume alone as well as to the clinical model (including age, male sex, body mass index, hypertension, and LA volume) provides greater discriminatory performance for identifying AF patients. Further studies are necessary to examine the utility of 3D Dixon-derived LAepicardial fat for predicting the development of AF.
